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S'umimiary. The permeabilities of se-veral types of plastic films to water and( to
carboii (Iioxi(le were nleasuire(l. No material was fouind to have a carlool-dioxidle
permceability as great as its water permeability.

One possible way in which we might redutce
tranispiration is by applying a coating over the
leaf, inicluiding the stomaatal apertures. Such a
coatinig would have to be more permeable to CO.
than to water, so we would first like to know what
materials have this property. Statements in the
literatuire that polyethylene has a high permeability
to CO., and a low permeability to water vapor (8,
p 267) give the impressilon (4) that polyethylene
is more permeable to CO, than to water vapor.
Such statements are misleading because they refer
to polyethylene in comparison to other common
packaging films. Puiblished data (1, 2, 3,5, 7, 8, 9,
10, 11) indicate that polyethylene does have a lOWer
p)ermealyility to wrater vapor thaln do many filnis,
alnd aI higlher permicability to CO., than do many
fillmls, butt that polyethylene ils more permeable to
wvater vapor than to COQ. Unfortuinately, the per-
meability diata for aany given material are extremely
varicable, mainy different utnits have been used, aln(d
few workers lhave meastured both H2O and CC)2
permneabili'ties of a given film. Adding to the
conifusioni are the nutmerouts errors in published
tabuflations of film properties (6). To overcome
the uncertain,ties of this situlation, I measuired CO,
anid water permeabilities on the same pieces of
several different films, using similar methods and
apparattus for both measurements. The techniqutes
were (lesigned to give the best comparison of the
2 permeabilities for a given film, rather than to
ivie acIcuirate absolute values for these permleabili-

ties.

Methods

()iie milit of thle appara1tuis is shown sc-hematically
as figture 1. A shect of film 12.0 cm in diameter

I Trade nlames and company namiies are include(d for
the benefit of the reader anld do not imply any endorse-
ment or preferential treatment of the named product b-
the United States Department of Agricultuire or the Unii-
-ersit) of Illinois.
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was clamped by a rubber gasket arouinid ilts edge inI
the transparent acrylic apparatuis so that a circle
of film 10.2 cm in diameter was exposed for passage
of water vapor or CO2. WVater-saturated air or
dried CO, was passed throtugh the apparatu-s across
the top of the film and thence through polyethylene
ttubing (2 mm inside diameter, 30 cm long) to the
external atmosphere. The absorbent below the film
was weighed periodically to give the weight of gas
or vapor which had passed through the film. The
absorbent was activated alutmina for water vapor
measuirement and was NaOH on asbestos granuiles
(Ascarite, Arthlur H. Th,omas Co., Philadelphia)1
and activated aluimina for CO., measuiremengts. The
plastic dlish holdinig the absorbent could be removed
and wveighed while the film uinder test remiainie(d
moulnte(l. To prevent pressuire differentials from
(levelopilig across the film, access to the atmosphere
from the absorbenit chamber was allowed throutgh a
small polyethylene tuibe andl 2 beds of absorbent.
These latter 2 beds were chaniged at the beginning
of each run, but were usuially weighedl only duirinlg
the initial (levelopnment aln(d testinig of the apparattus,
to give anl indication of how muich gas or vapor

Gas in Gas out

XWeighed absorbont iF

FIG. 1. Appal)ratus u.sed to iineasure film p)ernleabilities.
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nlih,t lec eiterinig throilghl tlis path. Folr eachi
rimil, 4 ilinits of the apparatus were uise(d xN ith
satuirate(l air and 4 N\ith CO.. Of these 4, 2 ha(l 1
layer of film, w-h Ie the other 2 hadl 2 layers moiinte(l
tog,ether.

The (lata for ani elitire rni of 8 Iunits were
rejecte( ulinless they met the following criteria:
V) The total wveight gain for either gas w'ith I
laxver of film \vas between 1.80 and(I 2.05 times the
Weighit gain x ith 2 layers of film. P,) The weight
gaMins of (dplilcate uinits (ldidi ot (liffer by more than
10 % of their average valule. Thiis I single aber-
riant value wvould catise the rejection of the (lata
froi all 8 uiilits ise(l in that 1riun. With thiesc
criteria, the (lata from al out one-founrth of the riuis
w ere rejecte(l. .\t the end of a successtfill 1run11,
a1i(Ather rii xw as ma(le N\-xith the same filmns, but
w ith the wxater vapor and carbolln lioxide uniits
iite-change(l. Thius each1 individlual piece of filmi
xwas teste(l x ithi both w-ater vapor and CO._. The
actilal (latimi tus-ed in ea'ch cal,culation of perme-
ahility was neither that fromii the single films nor
that fromi the (louillle filmns, but -was the xweight gain
of the 2 silngle film units miiinus thie weight gain
of the 2 double filmuntil its. This seemed( to be the
best wax to co,rrect for smiiall leaks or for water
Or C'().. absorbed (lurling opening and(I closing of the
aipp)aratuxs.

It is evidlent froni this (lescriptioni that the xaater
ali(l C(., pernlerabilities xvere rin under simniilar, but
niot exactlv the samiie coni(litionis. The Co., mieas-
llremelts xvcren'la(le wx ith a Co., partial pr-essuIre
(Ii fferelitial of about 75 cmil Ilg, at essentilaly zero
relative humiditv. The water pernlealillit Imeas-
urements hal a water partial presstire (lifferenitial
of ablouit 1.86 cmll Hg ( at 210), with 100 % relative
humiCdity oIn 1 si(le of the filmii, zero relative hii-

midihty oni the other. In conitrast, the water partial
presstire (liffereniti'al between a leaf anidl the amhient
air is miuch greater than the CO2 partial pressuire
dlifferenitial between the same 2 locatiolis. Further,
with a leaf, both CO., a(I HJ2() move similltaancotisly
but in opposite (lirectiolis. 'No allowances xxere
ma(le for these (lifferences and nio attempt was
mla(le to simulate the actual leaf sitilationi.

Results

The pernelli ities fonuid( are given in taild 1,
ill Iuits of iuiii'sec dxi-e 1. Each Ilmmi'scc '(ldvliC
is e(liivalent to 1()-'0 cm:' of gas or water vaipor at
standard temlll)eratul re aiid pr,essire' p'assuig through
1 cm2o)f film 1 cmii tlilck each secon(l xwith a partial
pressure (lifferenitial of 1 bar. T<able f als,o givxe(s
aii arbitrarly (leffine(l figilre of mlerit for each
material, thi.s figuire of mierit bel,ing 1.6 timies tile
ratio of the CO.. permeability to the 11i.0 pernic-
al)ilitv. The figiurc of milerit is lised because the
lifftisioin coefficieint of xvater vapor ill air is about
1.0 timiles as great as the (liffilsion coetfticient at
C o)., iii air, so that wx ith a given gradient, 1.0 ti,mles
as muilcilh xxa,tcr as CO., xxould (liffuise th rough an

OplCl hole, su1ch1 as :t stomliate. A figuri-e of mlel'it
g(reater tiaii unity xxould iii(licate a filmil vhich xx as
mllore effective thaii anii open hole in limiting xxater
vapor movemllient xithoit limlitilln cal-ro l)\A(
mouvemenit.

Noiie of the filnis hadl a higher perniiealilitv
to carlonu (lioxi(le thaii to xx ater, and uuo figii-cre t
merit for film xas greater thall 1, so noiie (If the
materials teste(d \voilld be of more iise to the lult
than xotul(l the stomates in controlling transpir.a-
tionl xxitholit iliterfering xv-ifth carbon (lioxi(le move-
milenlt. Actually, a small hIole in aliuminiumii foil

Table 1. P'crm,abj/ilitics of Fil7m1s to Carbon Dioxidt- (ind WVat r

Filml mnaterial Tra(le inaine Manufacturer

Fluorinated ethylene propyPlene Tef loui . I. dili
Polvetlhylene
Rill)ber (lenital (dam
Para,f fine anid rubber? Parafilm Americai
Orienite(d stvrene
Polxcarbonate Lexan General I
PoIx Viuix lidene clhloridle Sarain-xx-ral) Dow Clv(

polvvinyl chiloride copolymer?
Celluilose acetate
Regenierated cellulose Cellophane
Polvethl lene glcol Mxlvkr F. I. dt

terepihthalate (polx ester)
Hole about 0.01 cim in dliameter in altiuiminum foil shieet

Ponit

II Can Co.

Electric Co.
lenuical Co.

1Polut

Ai)proximate
tlhickiess,
mifrrils

13

200
130
76
130
13

190
12
13S

Permeabilitv
CO., H.,O
i1nni-4sec- (Iu-lie 1

830
760

11,000
4000
700
1300
4.1

1600
6800

130,000
69,000
88,000

210,000
910

1900 610,000
9500 3,300,000

12 8600

FiureC.' of ilmeriit for filmlls is
CO., permeability X 1.6

H.O pel-rimeabilitx
obser-x-ed CO., (liffusioin coefficient X 1.0

: Fi'gilre of merit t^or liole in aIliuiiiium foil is
observed H.,O (liffuisioio coefficie't

Figutire of
merit*

0.82
0.18
0.14
0.093

1 0.013
0.0096
0.0071

0.0050
0.0046
0.0022

1.3*-
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gave a figuire of merit of 1.3, rathe,r than the
expecte(d 1.0. This was probably becauise the
smallest easily reproducible hole offered compara-
tiveely little resistance to water or CO., (liffulsion.
Thuls other factors than the presence of the in-
tended barrier could have limited the movement.

Discussion

These permeabilities (0o nlot (liffer greatly frrom
those aN-ailable in the literatuire for sonle of these
materials, an(d I can find(I nio (lata in the origiinal
literatulre that would( in1dicate that alin material in
existence has a higher permeability to ciarboni
(lioxide than to water vapor (1,2,3, 5, 7, 14)). Two
classes of materials which I have not yet been able
to test suiccessfully are very thini metals and(l planit
leaf w-\axes, siuch as carnautba wax. Carniauiba wax
is too brittle to be testedI as (lescrilbedI here, buit I
h,ope to be able to coat a very thin layer of the
wax onl aI polyethylenie film and to test the comn-
binati'OI. The same techniquie sh0ouild suiccee(d for
metals, becaiise several filmis ith very- thii metal
coatilngs are commercially av-ailable.

The pernicabilities of some filmsi, suich as the
celluilosics, (lepenlle fairly strongly oni the thickniess
of the film iindler test (3, 7). Only 1 thicklness of
each film was tested completely, but the celluliosics
hadl very- low figulres of merit.

Eveni if a material having the (lesire(I plerme-
ability characteristics is fouind, we w\-ill still be
face(d wvith all of the practical difficulties mentione(l
by Gale an(d Hagan (4) anid by Waggoner (11),
btut the potenltial gains to be deriv\-ed woufld jutstify
a large amoutnt of technological research. Tt ap-
pears, however, that a material with the desired
(Itialities may lnot exist.
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